L-glutamate, the major excitatory neurotransmitter in the human brain, activates a family of ligand-gated ion channels, the major subtypes of which are named AMPA, kainate, and NMDA receptors. In common with many signal transduction proteins, glutamate receptors are modulated by ions and small molecules, including Ca 2+ , Mg 2+ , Zn
INTRODUCTION
The glutamate receptor ion channels (iGluRs), which mediate excitatory synaptic transmission in the mammalian brain, present us with a conundrum. Although they share a common architecture, functional studies reveal a striking diversity in their properties, the mechanisms of which are still largely unknown. The diverse properties of iGluRs are of great functional significance, and cell trafficking machinery has evolved to target individual iGluR subtypes to precise locations within the complex dendritic and axonal arbors of neural networks (Bredt and Nicoll, 2003; Collingridge et al., 2004; Jonas et al., 2004) . At individual excitatory synapses, ion permeability and the rates of deactivation, desensitization, and recovery from desensitization are finely tuned to allow information processing over a wide spectral bandwidth. Classical studies revealed that AMPA receptors mediate the large majority of fast responses at excitatory synapses, whereas NMDA receptors mediate slow voltage-dependent responses that, in combination with AMPA receptor activity, combine to generate a form of synaptic plasticity widely believed to underlie learning and memory (Collingridge and Singer, 1990; Malenka and Bear, 2004) . Kainate receptors formed from the GluR5-7 and KA1-2 subunits are usually regarded as close cousins of AMPA receptors, although a growing body of evidence suggests that they have unique roles in synaptic function. Presynaptic kainate receptors modulate neurotransmitter release (Chittajallu et al., 1996) , whereas kainate receptor-mediated postsynaptic currents, found in many regions of the brain, exhibit an unusually wide range of kinetic profiles, from extremely slow (Castillo et al., 1997; Cossart et al., 2002; Kidd and Isaac, 1999; Vignes and Collingridge, 1997) to rapid responses similar to those of AMPA receptors (DeVries, 2000; DeVries and Schwartz, 1999) .
Biochemical, genetic, and structural studies reveal that iGluRs form a unique family of ligand-gated ion channels distinct from the Cys-loop family of pentameric ligandgated ion channels, which encode GABA, glycine, 5HT3, and ACh receptors (Mayer, 2006; Sine and Engel, 2006) . Glutamate receptors assemble as tetramers, and the mass of each subunit is two to three times that for Cysloop receptors. Each iGluR subunit consists of a large amino-terminal domain (ATD) of about 400 amino acids, a two-domain hinged clamshell agonist binding core of 250-300 amino acids, an ion channel domain that spans the cell membrane, and a cytoplasmic tail of length varying from 20 to 500 amino acids. This common architecture is at contrast with the functional diversity of iGluRs, and it is only as a result of high-resolution crystallographic studies that the underlying molecular mechanisms for functional diversity are emerging. The greatest success so far has been achieved by comparing the crystal structures of more than 60 iGluR agonist binding core complexes with selective ligands for representative AMPA, kainate, and NMDA receptor subunits (Gouaux, 2004; Mayer, 2006) . As a result, it is now possible to explain the unique binding profiles for the major subtypes of iGluRs and to exploit this for the design of novel ligands. Structural studies have also revealed the mechanisms underlying activation (Armstrong and Gouaux, 2000) , partial agonist activity (Jin et al., 2003) , desensitization (Sun et al., 2002) , and allosteric modulation (Jin et al., 2005; Sun et al., 2002) , but this work has been focused almost entirely on AMPA receptors.
During the initial cloning of kainate receptors, experiments designed to investigate ion permeation revealed a remarkably strong inhibition of GluR6 responses when chloride was replaced by methanesulfonate (Egebjerg et al., 1991) . The authors speculated that this could be due to competition at the agonist binding site or blockade of the pore by methanesulfonate. Subsequent work on GluR6, as well as on native kainate receptors in hippocampal neurons, revealed an unusual sensitivity to both monovalent anions and cations (Bowie, 2002; Paternain et al., 2003) , but the underlying molecular mechanisms have not been established. NMDA subtype iGluRs were first characterized on the basis of their high sensitivity to divalent cations, and it is now recognized that, in addition to ion channel binding sites underlying permeation and block by Ca 2+ and Mg 2+ , there is an allosteric binding site for Zn 2+ in the ATD (Paoletti et al., 2000) . NMDA receptor modulation by polyamines also likely occurs via the ATD (Masuko et al., 1999) . In contrast, there are no known ion binding sites in the agonist binding domains of iGluRs.
Here, we present crystallographic and functional studies that reveal that the ligand binding domain of kainate receptors contains an anion binding site, that chloride binds to this site to regulate the stability of kainate receptor ligand binding core dimer assemblies, and that under physiological conditions the site is saturated. The binding site shows exquisite selectivity for Cl À and Br À and appears not to bind methanesulfonate, which explains the loss of activity reported when GluR6 was first characterized (Egebjerg et al., 1991) . We propose that chloride ions are integral structural components of kainate receptors and that when extracellular Cl À is replaced by other anions kainate receptors show reduced activity and enhanced desensitization due to dimer dissociation.
RESULTS

Anion Modulation Is a Common Property of Kainate Receptors
Because prior work on the modulation of kainate receptors by monovalent ions had focused exclusively on GluR6 and native kainate receptors likely containing GluR6 subunits, we began by examining the ion sensitivity of individual kainate receptors encoded by GluR5, GluR6, and GluR7 to determine if this was a common property of kainate receptors. During the course of our experiments, it became clear that we had identified a chloride binding site, and thus, the focus of this report is on anion modulation, with appropriate controls to exclude changes in sensitivity to Na + . We found that GluR5, GluR6, and GluR7
were all strongly sensitive to anions ( Figure 1A ), indicating that this is a conserved property of kainate receptors. Desensitization and deactivation were accelerated, and peak heights reduced, by monovalent anions other than chloride or bromide (Table 1) . However, the rate of recovery from desensitization was not altered by anions; for example, t rec was 2.6 ± 0.3 s (n = 5) for GluR6 responses in chloride and 2.9 ± 0.3 s (n = 5) for responses in nitrate. The acceleration of desensitization by the anion series tested here, and the reduction in peak amplitude of glutamate responses, agrees well with results from prior studies on GluR6 (Bowie, 2002; Wong et al., 2006) . Because native kainate receptors in the brain are believed to be heteromeric assemblies containing both (A) Glutamate-activated currents for GluR5, GluR6, and GluR7 are reduced in amplitude and desensitize faster when extracellular chloride is substituted by iodide or fluoride. Responses for different ions are from the same patch, and the effects were reversible on returning to chloride; dotted lines are monoexponential fits. The bar plot shows desensitization rates for GluR5-7 in the presence of Cl GluR5-7 and KA1 or KA2 subunits, we next investigated the sensitivity of heteromeric kainate receptors to anion modulation. We coexpressed KA1 or KA2, which do not form functional homomeric channels, together with GluR6. The anion sensitivity of glutamate responses for heteromeric receptors containing KA1 or KA2 was similar to that observed for homomeric GluR6, with the exception that, for KA1, responses in methanesulfonate were smaller than for KA2 or homomeric GluR6 ( Figure 1B and Table 1) .
In all patches, we tested for the formation of heteromeric receptors with S-AMPA, an agonist that binds to KA1 and KA2 subunits but does not activate homomeric GluR6 (Bettler et al., 1992; Herb et al., 1992) . Responses to AMPA recorded with fluoride also showed reduced amplitude and accelerated desensitization compared to chloride; for example, in a lifted whole-cell recording from a cell transfected with GluR6 and KA1, k des increased from 237 s À1 to 527 s À1 and the peak amplitude decreased by 70%. For KA2, fluoride increased the extent and rate of onset of desensitization, from 30% ± 8%, k des = 27 ± 6 s À1 (n = 6) to 84% ± 7%, k des = 42 ± 8 s
À1
(n = 4). In addition, we found that the coexpression of KA2 subunits significantly accelerated desensitization of responses to 10 mM glutamate compared to homomeric GluR6, providing a second line of evidence for formation of heteromeric receptor assemblies and excluding the possibility that responses to glutamate were generated by residual homomeric GluR6 (Table 1) . For example, in the presence of chloride, k des for GluR6/KA2 was 290 ± 60 s À1 (n = 5), compared to 170 ± 10 s À1 for homomeric GluR6 (p < 0.01). We conclude that anion modulation is a general property that is likely to be recapitulated in native kainate receptors of diverse subunit composition.
The Anion Binding Site Is Saturated by Physiological Cl À Concentrations In the brain, chloride ions are the major extracellular anion species, and their extracellular concentration varies little during development or electrical activity (Jiang et al., 1992) . To estimate the level of occupancy of kainate receptors by Cl À under physiological conditions, we measured the affinity of chloride for the GluR6 anion binding site with methanesulfonate (MeSO 3 À ) as a substitute. To control for reductions in sodium ion activity at different concentrations of MeSO 3 À , we measured the slope conductance of GluR6 peak currents at positive potentials ( Figure 2A) . A single binding site isotherm fitted to the normalized slope conductance gave an EC 50 of 28 ± 5 mM (n = 8 patches), suggesting that GluR6 receptors are almost fully bound by Cl À in vivo ( Figure 2B ). This important result suggests that anions are unlikely to act as modulators of kainate receptor activity and instead implies that they are absolutely required for normal receptor function. (Heinemann and Conti, 1992) . We recorded GluR6 responses to between 60 and 150 consecutive applications of glutamate in two different external ionic conditions in the same patch (Figure 3 ). This revealed a similar single-channel conductance in fluoride and chloride: 16 ± 1 pS and 20 ± 1 pS, respectively (n = 7). The 7-fold reduction in current that we observe when fluoride is substituted for chloride is due to a 3-to 4-fold reduction in the number of active receptors (N) and a 2-fold reduction in peak open probability (P open = 66% ± 6% in chloride and 28% ± 9% in fluoride). Our estimates of weighted single-channel conductance and of P open in the presence of Cl À are similar to those previously reported for GluR6 (Traynelis and Wahl, 1997) . There is a strong inverse correlation between these two estimates when the open probability is low, as in the case of fluoride. However, we obtained the same results from the means of ratios of N in each condition (n = 5 patches), or from the ratio of normalized receptor number from pooled fits (as described in the Supplemental Data available with this article online), where estimates of P open are better constrained (Traynelis and Wahl, 1997) . This suggests that a major effect of Cl À is to control the availability of kainate receptors for activation by glutamate. Consistent with this, the concentration response curve for glutamate measured in the presence of fluoride gave an EC 50 = 2.1 ± 0.4 mM, indicating only a small change in sensitivity to glutamate compared to the published value of 0.7 mM for responses measured in chloride (Bowie, 2002) ; the 3-fold right shift is most likely due to changes in P open at the peak of the response.
Anions Act on the Agonist Binding Domain
To search for the site of action of anions, we first examined a GluR6 construct lacking the ATD (Figure 4) . We deleted the ATD because it is the site of action of NMDA receptor allosteric modulators, including Zn 2+ and ifenprodil (Paoletti et al., 2000; Perin-Dureau et al., 2002; Rachline et al., 2005) . We found that the anion modulation, kinetics of deactivation, and kinetics of desensitization of GluR6 ATD(À) are the same as for wild-type ( Figure 4B and Table 1 ). Because intracellular anions do not affect kainate receptor function, and the voltage independence of modulation excludes the membrane-spanning channel as a site of action, this result strongly suggests that the anion binding site must be formed by the ligand binding domain. We next examined the anion sensitivity of nondesensitizing kainate receptors, created by covalent linkage of ligand binding core dimers (Weston et al., 2006) . We found that the peak current amplitude and deactivation rates of the GluR6 Y490C L752C crosslinked mutant were insensitive to a broad range of anions ( Figure 4C ). This shows that anion modulation of wild-type kainate receptors originates GluR6 Amplitude 14% ± 2% 100% 110 ± 16% 95% ± 9% 75% ± 7% 8% ± 3% 7% ± 3% n (11) (13) (5) (7) (7) (5) GluR7 Amplitude 13% ± 3% 100% nd 32% ± 3% 27% ± 7% 3% ± 1% 2% ± 1% n (7) (10)
k des (ms ATD (À) Amplitude 22% ± 4% 100% 77% ± 14% 74% ± 9% 68% ± 3% 16% ± 5% 17% ± 5%
0.9 ± 0.1 1.2 ± 0.1 1.4 ± 0.2 2.4 ± 0.3 1.5 ± 0.2 1.9 ± 0.4 1.5 ± 0.5 R744K Amplitude 65% ± 10% 100% 150% ± 30% 51% ± 7% 59% ± 14% 12% ± 5% 12% ± 5%
k des (ms À1 ) 0.66 ± 0.07 1.00 ± 0.08 1.2 ± 0.3 1.6 ± 0.1 1.13 ± 0.08 1.1 ± 0.5 1.9 ± 0.2 D745E Amplitude 30% ± 10% 100% 160% ± 80% 160% ± 40% 100% ± 10% 16% ± 5% 47% ± 11% n (5) (11) (4) (6) (5) (6) (
k des (ms À1 ) 3.4 ± 0.3 3.9 ± 0.2 3.4 ± 0.3 3.1 ± 0.2 4.5 ± 0.2 3.1 ± 0.6 4.7 ± 0.7
3.2 ± 0.4 3.2 ± 0.3 3.0 ± 0.3 3.0 ± 0.3 4.6 ± 0.2 2.9 ± 0.4 6.6 ± 0.5 T748N Amplitude 150% ± 20% 100% 190% ± 50% 260% ± 30% 400% ± 30% 63% ± 9% 20% ± 4% 
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The Anion Binding Site in iGluRs from rearrangements of the dimer interface and confirms that the sites of anion modulation are within the ligand binding cores.
Structural Studies Reveal a Chloride Binding Site in the Dimer Interface
The location of the anion binding site was identified by crystallographic methods by comparing the structures of GluR5 dimer assemblies crystallized in the presence of various anions. X-ray diffraction data at 1.96 Å resolution collected at the bromine peak absorption wavelength for the GluR5 ligand binding core crystallized with 120 mM bromide (Tables S1 and S2 ) revealed a single peak of electron density in anomalous difference maps ( Figure 5A ). The bromide ion is located on the molecular 2-fold of the dimer interface, 10 Å below the top surface of domain 1, defined by the ridge of methylene groups formed by Pro758, and is trapped between four intermolecular salt bridges formed between Arg760-Asp761 and Glu509-Lys516 ( Figure 5A ). In contrast, for GluR5 crystals grown in the presence of 1.75 M ammonium sulfate, omit maps revealed a large peak of density, located 10 Å above the location of the Br À ion binding site, that was modeled as a disordered pair of solvent-exposed sulfate ions (Figure 5B) . Least squares superpositions of the domain 1 coordinates of the Br À and SO 4 2À complexes gave an rootmean-square deviation (rmsd) of 1.0 Å for the dimer assembly, which decreased to 0.52 and 0.62 Å when the A and B subunits were fit separately. In the SO 4 2À complex, the c4 dihedral angle of the pair of Arg760 residues in the dimer complex has rotated by 94 compared to the Br À complex so that their guanidinium groups point upward toward the solvent exposed SO 4 2À ion, breaking the intermolecular salt bridges with Asp761. This disruption of GluR6 Amplitude 32% ± 11% 100% 44% ± 11% 40% ± 12% 10% ± 3% 7% ± 2% 8% ± 2% T748S n (5) (10) (5) (7) (5) (4)
Desensitization rates (k des ) and peak current amplitudes (relative to that in NaCl) were determined from the response to a 50 ms or 100 ms pulse of glutamate. Deactivation rates (k deact ) were measured from the decay in response to a 1 ms pulse of glutamate. Mutants are numbered according to the mature GluR6 protein. Three mutations at position 748 (to Ile, Val, and Gln) were nonresponsive in 5-20 patches from separate transfections. GluR7 wild-type currents were so small in the presence of CsCl, typically a few picoamps, that it was not possible to reliably fit the decay of the current. Amplitudes are relative to peak current determined in NaCl. nd, not determined. mM; filled squares, 10 mM; filled triangles, 3 mM; and filled circles, 0.4 mM, i.e., the residual chloride from divalent cations) using methanesulfonate as a substitute. The slope conductance was fit by linear regression for responses recorded between +20 and +100 mV; dotted lines show extrapolation of the fit to negative potentials. (B) The chloride concentration response curve for GluR6 fit with a single binding site isotherm (EC 50 = 28 ± 5 mM), with a constant to account for the residual current in the presence of 100% NaMeSO 3 ; data points show the mean ± SEM for eight patches. intermolecular contacts by SO 4 2À is consistent with our functional studies, for which substitution of 150 mM NaCl by either 75 or 150 mM Na 2 SO 4 increased the rate of onset of desensitization for GluR6 responses to glutamate from 140 ± 20 s À1 (n = 8) to 1000 ± 100 s À1 (n = 7) and 1200 ± 100 s À1 (n = 5), respectively, and reduced the peak amplitude to 13% ± 3% and 18% ± 6% of control. Analysis of a 1.74 Å resolution structure for GluR5 crystals grown in 120 mM chloride revealed the presence of a Cl À ion in the same position as found in the bromide complex together with two water molecules ( Figure 5C ). The Br À and Cl À complexes have virtually identical structures, and least squares superpositions of the dimer assembly domain1 coordinates gave an rmsd of 0.21 Å . The identity of the Cl À ion was established by analysis of anomalous difference maps for data collected at a wavelength of 1.5418 Å (f 00 z 0.7 e) and by its low B factor compared to surrounding solvent when refined as a water molecule. The Cl À or Br À ions and two water molecules are trapped in a cavity of volume 70 Å 3 located between the pair of subunits in a dimer assembly. The Cl À ion shows 6-fold coordination by the ammonium groups of Lys516 (distance 3.67 Å ), the guanidinium groups of Arg760 (distance 3.4 Å ), and the pair of equatorial water molecules (distance 2.81 Å ). The carboxyl group of Asp761 is only 4.4 Å from the Cl À ion and is presumably shielded by formation of bidentate intermolecular salt bridges with Arg760 of the dimer partner (distance 2.84 and 2.91 Å ) and hydrogen-bond formation with the trapped water molecules (distance 2.66 Å ) and extracellular solvent (distance 2.69 Å ). The side-chain OH group of Thr764 plays a key role in anion binding and forms hydrogen bonds (distance 2.7 Å ) with the pair of equatorial water molecules. In omit maps, electron density for amino acids and solvent forming the anion binding site was unambiguous ( Figure 5C ) and revealed that the side chain of Asp513 forms an intramolecular salt bridge (distance 3.14 Å ) with Arg760, further stabilizing the complex charge network surrounding the anion binding site. A buried surface contour map generated by VOIDOO revealed that the base of the 70 Å 3 anion binding cavity is formed by the side chain of Lys516; the side by the main chain atoms of Phe514, Ser515, and the side chain of Thr764; and the lid by the side chains of Arg760 and Asp761 ( Figure 5D ). In the sulfate complex, the size of the cavity increases to a volume of 190 Å 3 and contains at least six ordered water molecules.
In the absence of chloride, an electrostatic map of the GluR5 D1 dimer interface calculated by using GRASP revealed a large electropositive patch in the anion binding cavity ( Figure 5E ). Charge neutralization provides a simple mechanism by which a halide ion of appropriate size can stabilize the assembly of dimer pairs with noncomplementary surface charge and, hence, regulate receptor desensitization (Sun et al., 2002) . Thus, we propose that in physiological solutions the Cl À ion acts as a charge balance for the closely packed cationic side chains in the dimer interface. Small anions like fluoride are probably too polar, and large anions like I 
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The Anion Binding Site in iGluRs substantially at the top of helix J, and the loop preceding it, from that in both the flip and flop isoforms of AMPA receptors due to movement toward the dimer partner subunit ( Figure 5F ). These movements, together with key amino acid differences between AMPA and kainate receptors, combine to create an anion binding site in kainate, but not AMPA subtype glutamate, receptors.
Dimer Interface Mutants Alter Anion Selectivity
To confirm that the anion binding site identified by crystallographic analysis mediates the modulatory effects of anions on kainate receptors, we made a series of GluR6 mutants and examined their anion sensitivity by using electrophysiological techniques (Table 1) . First, we targeted the intermolecular salt bridge between the arginine and aspartate side chains that forms the lid of the binding site in the Br À and Cl À complexes. We found that even the conservative substitution R744K strongly accelerated the rate of desensitization in the presence of Cl À from 165 ± 15 s À1 (n = 13) for wild-type GluR6 to 1400 ± 200 s
À1
(n = 15) for the R744K mutant ( Figure 6A ). Anion sensitivity, of reduced magnitude was retained when lysine was substituted for arginine, but with a rank order for k des of F > Cl > Br z NO 3 > MeSO 3 z I, strikingly different from that for wild-type, Cl z Br > I > NO 3 > F > MeSO 3 ( Figure 6A and Table 1 ), indicating that the selectivity of anion binding had been altered. Mutation of Asp745 to glutamate, the salt-bridge partner of Arg744, was less disruptive than the Lys for Arg exchange, and the rate of desensitization in the presence of Cl À increased only 2.3-fold; however, for the isosteric mutant D745N, there was a nearly 6-fold increase in k des consistent with a requirement for a negatively charged side-chain partner for Arg744 (Table 1) . We next targeted Thr764, which forms the side of the binding site and makes solvent-mediated H bonds with the Cl À ion. Substitution of Thr with the Asn residue found in AMPA receptors produced extremely rapid desensitization in Cl À , k des 3900 ± 200 s À1 (n =16) and again showed a unique rank order for k des , I z MeSO 3 > F z Br > Cl > NO 3 ( Figure 6B and Table 1 ). Consistent with a requirement for the unique chemistry and geometry of the Thr side chain at this position, the isosteric Val substitution was not tolerated, and the Ile and Gln mutants were also nonfunctional. Substitution with serine, which has a side-chain OH group, but lacks the Cb branch methyl group of threonine, also produced receptors with rapid desensitization in the presence of Cl À , k des 3200 ± 300 s À1 (n = 10), again with a unique rank order for k des , F z Br > MeSO 3 z Cl > I z NO 3 (Table 1 ). In combination, these results indicate that the anion binding site in kainate receptors has exquisite sensitivity to amino acid substitutions, consistent with its small size, intimate contact with ions, and complex electrostatic structure resulting from closely packed charged amino acid side chains ( Figure 5 ). Of note, at the position equivalent to T764, the KA1 subunit has as aspartate side chain ( Figure 5F ). We tested both homomeric GluR6 T764D, which behaved similar to the GluR6 T764N mutant, and wild-type GluR6 coexpressed with GluR6 T764D at an equal transfection ratio (data not shown). The former experiment is not very informative because in GluR6/KA1 heteromeric receptors, assuming 1:1 assembly of GluR6 and KA1, there will be two Thr and two Asp side chains, and thus, the homomeric assembly produced by the GluR6 T764D mutant, with four Asp side chains, is not representative of the GluR6/KA1 heteromer. The latter experiment produced receptors with similar anion sensitivity to wild-type GluR6/KA1, indicating that in heteromeric receptors the presence of a mixture of Thr and Asp side chains is not detrimental to anion binding, although we cannot exclude some change in the EC 50 for chloride.
Consistent with a role for bound anions in maintaining the active dimer conformation of kainate receptors, none of the mutants studied changed the rate of recovery from desensitization (t rec ), which was also largely insensitive to changes in anion species. For example, for the T748N mutant, t rec in Cl À was 2.6 ± 0.4 s (n = 5), the same as for wild-type GluR6, and slowed slightly in NO 3 À , for which t rec was 3.5 ± 0.2 s (n = 5). This lack of a strong effect of mutations and ions on t rec is not surprising because in AMPA receptors, and as shown here kainate receptors, the stability of the desensitized state is not controlled by dimer interface interactions, as a result of the large conformational difference between the active and desensitized states (Armstrong et al., 2006) . 
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The Anion Binding Site in iGluRs Although the effects of anion binding site mutations are consistent with our crystallographic analysis, as a control we made a mutation in a position adjacent to residues forming the anion binding site and tested its sensitivity to anions. Mutation of Pro742, which immediately precedes the twin salt bridges that form the lid of the anion binding site, to the serine found in AMPA receptors ( Figure 5F ), had no effect on anion sensitivity, with a rank order of peak current amplitudes Cl z Br > I > F > MeSO 3 , the same as for wild-type (Figure 1) . Desensitization rates for GluR6 P742S were nearly identical to those for wild-type; for example, values for k des in chloride and methanesulfonate (n = 4) were 160 ± 10 s À1 and 1000 ± 100 s À1 compared to values for wild-type of 170 ± 10 s À1 and 1100 ± 300 s À1 .
Mutants with Reduced Anion Sensitivity Retain
Modulation by Na + It is remarkable that kainate receptors are also strongly modulated by cations (Bowie, 2002; Paternain et al., 2003; Wong et al., 2006) . Electrostatic principles dictate that the binding sites for anions and cations should be discrete entities, but it remains possible that they interact via allosteric mechanisms. We compared the strong inhibition of wild-type GluR6 produced by substitution of Na + by Cs + with that of mutants producing changes in anion sensitivity ( Figure 7 and Table 1 ). None of the point mutants analyzed in this study altered cation modulation, as measured by the change in amplitude and rate of desensitization of glutamate responses on substitution of Na + by Cs + (Table  1 ). The predominant effect for both wild-type GluR6 and anion binding site mutants was a reduction in peak current amplitude, although in every case, Cs + produced a significant increase of the desensitization rate (Table 1, p < 0.05 for R744K and p < 0.01 for T748N and T748S; n = 4-6 patches), suggesting that although the mutations reduced stabilization of the dimer interface by chloride, the cation binding site remained intact. Strikingly, we found that disulfide-linked nondesensitizing receptors lost inhibition by Cs + (Figure 7) . Furthermore, sensitivity to substitution of Na + by Cs + was not altered in the GluR6 ATD(À) deletion construct. This suggests that both anions and cations act through rearrangements of the dimer interface and that the ligand binding core is likely to form part or all of the cation binding site. Further work will be required to test this and to identify the molecular nature of the cation binding site.
DISCUSSION
In this study, we identify the mechanism of kainate receptor modulation by anions and show that the active conformation of the receptor contains a structural Cl À ion that stabilizes the ligand binding core dimers in their active conformation. As a result, both the kinetics of onset of desensitization and the availability of receptors for activation by glutamate are sensitive to anion species and concentration. Because, in solution, the isolated ligand binding cores of kainate receptors dimerize with too low an affinity for measurement by analytical ultracentrifugation (Weston et al., 2006) , we were unable to measure directly the effects of anions on dimer stability and instead used a combination of electrophysiological and crystallographic techniques, similar to the approach used previously to study AMPA receptor dimers (Horning and Mayer, 2004; Sun et al., 2002) .
Structural Analysis of the Dimer Interface
We have several good reasons to believe that the structure of the GluR5 dimer complex with chloride or bromide is physiologically relevant, whereas that observed with sulfate is not. First, the chloride-bound complex was crystallized in a buffer where chloride was present at a physiological concentration. In contrast, sulfate ions were present in glutamate relative to responses in Na + for wild-type GluR5, GluR6, and GluR7; the GluR6 ATD(À) construct; three GluR6 mutants with altered sensitivity to anions (R744K, T748N, and T748S); and the GluR6 Y490C L752C crosslinked mutant; error bars indicate SEM.
the crystallization buffer at 1.75 M but are present at a far lower concentration in vivo, at most 100 mM in human CSF (Watchorn and McCance, 1935) . Hence, it is probable that, in the crystal structure, sulfate is driven into the dimer interface by the large concentration. Second, when extracellular chloride is replaced by sulfate, the rate of desensitization of GluR6 increases 7-fold and peak currents are reduced in amplitude by greater than 80%. In an intact receptor, we propose that the binding of sulfate destabilizes the dimer assembly of kainate receptors and that in the absence of crystal lattice contacts, which help to maintain a similar conformation of the Cl À and SO 4 2À -bound dimer assemblies, the pair of subunits in a dimer is free to move apart. The idea that it is possible for the dimer interface to rearrange to an inactive conformation in the absence of Cl À does not require that this be equivalent to the desensitized state. Indeed, this is highly unlikely because the structure of the desensitized state is stabilized by agonist binding (Armstrong et al., 2006) . Instead, in the absence Cl À , it is probable that the ligand binding core dimers are in a rapid equilibrium between active and inactive conformations and that the relative occupancy of these states determines whether the binding of glutamate triggers ion channel activation or entry into the ligand-bound desensitized conformation. The crystal structure of GluR2 in the desensitized state suggests that the anion binding site is disrupted by rearrangement of the dimer interface (Armstrong et al., 2006) , and thus, chloride is unlikely to bind to the desensitized state; this is consistent with the lack of effect of anions on the rate of recovery from desensitization. Our results suggest that under physiological conditions the binding site for chloride is saturated. However, the intracellular chloride concentration is much lower, and it is possible that this helps trigger kainate receptor desensitization during assembly and trafficking. This is of interest in light of emerging data that suggest that recognition of the desensitized conformation of iGluRs is a key checkpoint for iGluR transport to the plasma membrane (Priel et al., 2006) . The results of prior structure function studies on kainate receptor dimer interface mutants gave puzzling results that could not be explained by analogy with comparable studies on AMPA receptors (Fleck et al., 2003) . In retrospect, it is now clear that several of the mutants that accelerated the rate of onset of desensitization were in the anion binding site, the existence and molecular identity of which was unknown when these experiments were performed. Obviously, not all of the effects of mutations in the dimer interface of kainate receptors occur via disruption of the anion binding site. The dimer interface is a complex structure with a buried surface area of 1080 Å 2 per subunit for the Cl À complex and 1166 Å 2 per subunit for the SO 4 2-complex. Outside of the anion binding site there are important hydrophobic patches that are common to AMPA, kainate, and NMDA receptors, as well as diverse hydrogen bond contacts and solvent networks that differ amongst individual iGluR subtypes.
Despite their similar fold, there are several striking differences between the dimer structures of anion-sensitive kainate receptors and AMPA receptors, which with the exception of thiocyanate, show only weak modulation by anions. In the crystal structure of the R/G site unedited form of GluR2 flip , there is no anion binding cavity (Greger et al., 2006) . Instead, despite the presence of a pair of arginine side chains in an extended conformation, similar to that found in the GluR5 dimer Cl À and Br À complex crystal structures, there is a large U-shaped solvent-filled tunnel connected to bulk solution that dives underneath the arginine side chains. Contributing to this difference is the closer apposition of the dimer subunit partners in GluR5 than GluR2 ( Figure 5F ) and the exchange of Asp761, the salt bridge partner for the Arg residue in the opposite subunit in kainate receptor dimers, by the smaller Thr residue in AMPA receptors. As a consequence of these changes, the dielectric environment in this region of the dimer interface differs substantially in AMPA and kainate receptors. Thus, it is not surprising that, in work in progress, we have found that single amino acid exchanges between kainate and AMPA receptors, in the region of the anion binding site, are not sufficient to confer strong anion sensitivity on AMPA receptors.
The Binding Site for Cl À Is Distinct from that for Other Allosteric Modulators The ligand binding domains of AMPA subtype iGluRs are the site of action of two other classes of allosteric modulators, of which cyclothiazide and aniracetam are key examples (Jin et al., 2005; Sun et al., 2002) , but it is noteworthy that these bind to different sites in the dimer interface. The anion binding site in kainate receptors is buried in the protein interior, whereas cyclothiazide and aniracetam bind to solvent-exposed clefts at the base of the dimer interface. However, like aniracetam, Cl À ions bind to a site generated by a 2-fold axis of molecular symmetry. The crystal structure of the NMDA receptor NR1 subunit complex with cycloleucine provides yet another example of a dimer interface binding site, because F o À F c maps reveal dumbbell-shaped electron density of unknown molecular identity in a large solvent-filled crevice located at the top of the homodimer interface (Inanobe et al., 2005) . Although subsequent work established that NMDA receptors likely assemble as NR1/NR2 heterodimers , it is plausible that a small molecule or ion could also bind at the heterodimer interface. Further work will be required to answer this, but the results of our experiments clearly show that anions are not coactivators of kainate receptors, as proposed by Wong et al. (2006) , and instead reveal that Cl À ions act to stabilize the dimer in a conformation that is permissive for activation of ion channel gating by glutamate. The experiments we describe here did not focus on identifying the Na + binding site in kainate receptors but provide strong evidence that it too is likely to be located in the dimeric agonist binding domain assembly, because the inhibitory effect of Cs + exchange for Na + persisted in the GluR6 ATD(À) construct. Our results also exclude the possibility that Na + and Cl À ions bind to the same site, because from their coordination geometry, it is unlikely that the pair of water molecules trapped together with the Cl À ion in the anion binding site are in fact misidentified Na + ions. A similar conclusion was reached on the basis of the experiments on the GluR6 M770K mutant, which apparently abolishes cation modulation, but not sensitivity to different anions (Paternain et al., 2003) . In recent work, it has been suggested that, in the absence of ions, kainate receptors enter a long-lived desensitized state (Wong et al., 2006) . Because these experiments changed the concentration of both Na + and Cl À simultaneously, it is not possible to decide if this effect requires the binding of just anions, just cations, or both species simultaneously.
Anion Binding Sites in Structurally Diversity Proteins
Although the presence of a structural anion in a ligand gated cation channel was not anticipated, and is somewhat bizarre, Cl À ions act as allosteric modulators in a diverse array of proteins, although this is perhaps not common knowledge in the neuroscience community. At physiological concentrations, chloride ions play a key role in color vision by producing red shifts for most long wavelength cone pigments (Wang et al., 1993 ). In contrast, for green fluorescent protein, which is insensitive to anions, protein engineering has been used to create an anion binding site adjacent to the fluorophore, allowing the development of a genetically encoded Cl À ion sensor (Wachter and Remington, 1999) . A third example comes from studies on amylases, for example human pancreatic a-amylase, which requires chloride for maximal hydrolytic activity (D'Amico et al., 2000) and, like kainate receptors, functions in a chloride rich environment.
Structural studies for these, and other chloride binding proteins, do not reveal any common binding motif and instead highlight the diversity of mechanisms used to bind halide ions. In solution, Cl À ions show a well-defined hydration geometry with %6 water molecules in the first hydration shell (Powell et al., 1988) . In proteins, arginine side chains commonly play a role in anion binding sites, and similar to what we observe for kainate receptors, the Cl À ion binding site of a-amylases reveals anion coordination by a pair of arginine side chains adjacent to the substrate binding site (Numao et al., 2002; Strobl et al., 1998) . Sidechain and main-chain amides, and Ser, Thr, or Tyr hydroxyl groups, are also are frequent motifs in Cl À ion binding sites. In addition, van der Waals contacts with hydrophobic and aromatic side chains are quite common; in the Cl À ion binding site of kainate receptors, the sidechain methylene groups of Lys516 are 4 Å from the halide ion, suggesting that VDW contacts also contribute binding energy to the Cl À complex. Perhaps not surprisingly, the ion binding sites in chloride channels and transporters (Dutzler et al., 2002; Lobet and Dutzler, 2006 ) have a different structure from that found in kainate receptors. The results of this study reinforce the paradox that, despite their common architecture, the individual subtypes of glutamate receptor ion channels have diverse functional properties and that the molecular mechanisms underlying such diversity can arise from quite subtle changes in protein structure. At present, there are many aspects of glutamate receptor function that are not well understood, but it is anticipated that this will change with additional structural experiments. However, identification of the Na + binding site in kainate receptors is likely to be challenging because it is very difficult to discriminate Na + ions from water molecules in protein crystal structures, except on the basis of coordination geometry or by electron density differences produced by substitution with different ions. The exquisite selectivity of kainate receptors for Na + suggests that the latter approach might not be possible.
EXPERIMENTAL PROCEDURES
Molecular Biology and Physiology
Wild-type and mutant kainate receptors were expressed in HEK-293 cells for outside-out patch recording with rapid solution exchange, as described previously (Horning and Mayer, 2004) . Mutations were introduced by overlap PCR and the entire open reading frame of the amplified region confirmed by sequencing. The first residue of the ATD(À) GluR6 mature peptide was equivalent to Ala391 in the full-length protein. Heteromeric receptors were expressed by transfecting cells with GluR6 and either KA1 or KA2 subunit DNA at a mass ratio of 1:5. In this case, the KA vectors also directed expression of GFP via an IRES site following the KA coding region. Hence, cells that fluoresced green and responded to AMPA had taken up both subunits. Brief pulses of glutamate (10 mM) were applied to outside-out patches by using a piezodriven perfusion system under computer control. Solution exchange was complete in $200 ms, and patches that had exchange times slower than 400 ms (as assessed by junction currents recorded after the end of the experiment) were discarded. Data were filtered at 12 kHz and sampled at 50 kHz. Liquid junction potentials were determined by the method of Neher (1992) . Changes in reversal potential due to liquid junction potential shifts were determined where appropriate from I-V plots and corrected online. For most experiments, the external solution contained (in mM): 150 NaX (where X was Cl, Br, F, I, NO 3 , or MeSO 3 ), 0.1 MgCl 2 , 0.1 CaCl 2 , and 5 HEPES (pH 7.3). The internal solution contained (in mM) is as follows: 115 NaCl, 10 NaF, 0.5 CaCl 2 , 1 MgCl 2 , 5 Na 4 BAPTA, 5 HEPES, and 10 Na 2 ATP (pH 7.3). For measurements of chloride binding affinity, the external solutions contained the appropriate mixtures of 300 mM NaCl and NaMeSO 3 and the internal solution contained 265 mM NaCl. Changes in osmotic strength do not affect kainate receptor function beyond the ion-specific effects we report here. Because changes in external anion species and concentration also alter sodium ion activity, and as a result produce different liquid junction potentials, the concentration response curve for chloride was estimated from the slope conductance of peak responses at positive potentials, where the measured response is the efflux of cations. Data were fitted and plotted in Kaleidagraph (Synergy Software). All results are mean ± standard error of the mean; statistical significance was measured by using Student's t test. Nonstationary variance analysis is described in the Supplemental Data.
Crystallography
The GluR5 S1S2 ligand binding core was overexpressed, purified, and crystallized with glutamate or the competitive antagonists UBP302 and UBP310 as previously described (Mayer, 2005; Mayer et al., 2006) . Crystals were grown in hanging drops, with either 120 mM chloride or bromide, or 1.75 M sulfate as the major anion. Anomalous scattering data for the bromide complex were collected at the bromine edge (0.92017 Å ). For the chloride complex, a high-resolution data set was collected by using X-rays of 1.0 Å wavelength; anomalous difference pairs were collected from a second crystal by using Cu Ka radiation. Further details of crystallographic methods, together with data collection and refinement statistics, are provided in the Supplemental Data. Figures were prepared with PyMOL (Delano, 2002) and GRASP (Nicholls et al., 1991) .
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures, Supplemental References, and two tables and can be found with this article online at http://www.neuron.org/cgi/content/full/53/6/829/ DC1/.
